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Plume reduction in segmented electrode Hall thruster
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A segmented electrode, which is placed at the thruster exit, is shown to affect thruster operation in
several ways, whether the electrode produces low emission current or no emission current, although
there appear to be advantages to the more emissive segmented electrode. Measured by plume
divergence, the performance of Hall thruster operation, even with only one power supply, can
approach or surpass that of nonsegmented operation over a range of parameter regimes. In
particular, the low gas flow rate can exhibit low plume divergence. This allows flexibility in
operation of segmented electrode thrusters in variable thrust regime200@ American Institute

of Physics[S0021-89780)02615-3

I. INTRODUCTION ferent mechanisms could potentially be responsible for this
beam divergenc®.’ For example, because of the high elec-
The main advantage of using electric propulsion fortron temperature(10-20 eV, equipotentials can deviate
space-craft orbit control is the larger jet velocit¥0—-100 from the concave magnetic-field surfaces, producing a defo-
km/s), which enables significant savings in the propellantcusing electric field in the channelOn the other hand, the
mass. Chemical rockets are limited to exhaust speeds @fresence of curved outward magnetic-field surfaces at the
about 3 km/s. The Hall thruster is particularly suited for exit of the channel, as well as a fringing magnetic field out-
many space applications that are limited either in time or irside the thruster, can also lead to defocusing of the fdlam.
fuel mass. The principle of Hall thruster operation is basedddition, the nonuniform distribution of the ion production in
on the electrostatic acceleration of ions in crossed electriehe accelerating region can lead to a spread of ion energy
and magnetic fields applied in a quasineutral plasma of a ddistribution, with slower ions affected more strongly by the
electric dischargé.HaII thrusters are typically coaxidkee defocusing electric fields.
Fig. 1), consisting of a magnetic circuit, ano@ehich can In existing Hall thrusters, the electric-field distribution is
also be a gas distributprceramic channel, and cathode neu-controlled mainly by the magnetic-field profile along the
tralizer. A gas propellant, typically xenon, enters the channeihruster channel, wheréB, /9z>0.> However, this control
through the anode and is ionized by impact with energetitby the axial gradient is limited by the practical design and
electrons of the electrical discharge. The applied radial magmagnetic properties of the magnetic circui Hall thruster
netic field impedes the axial electron motion towards thewith segmented emissive electrodes along the thruster chan-
anode. The impeded electrons can then more effectively iomel can enable further control of the electric-field distribution
ize the propellant atoms and support a significant axial electeading, possibly, to certain advantages over conventional
tric field with equipotentials along the magnetic-field lines design€° Dielectric insulators separate the electrodes, with
(E=—vexB). The axial field accelerates the ions towardssegments held at different potentials through separate power
the channel exhaust, where they are neutralized by electrorgipplies. Electrons, entering the channel, flow through the
from the cathode neutralizer. The thrust is a reaction force t@|ectrodes. The radial magnetic field provides magnetic insu-
this electrostatic acceleration, applied to the magnetic circuitigtion so that very abrupt potential drops, and a very local-
Existing Hall thrusters can efficiently produce large jetjzed acceleration region, can be established in the thruster

velocities of 10—20 km/s with input power in the range from channel. The localization can be in a region of concave mag-
several hundred watts to a few tens of kilowatSince ion netic field for maximum focusing, resulting in less plume

acceleration takes place in a quasineutral plasma, thesgyergence.

thrusters are not limited by space-charge buildup. Hence, Flexibly designed laboratory prototype segmented elec-
higher current and thrust densities than conventional electrgygge Hall thrusters were built and deployed in the Princeton
static ion thrusters can be achieved at discharge voltages @fjzsma Physics LaboratoPPPL. The segmented elec-
hundreds of volts. Hall thrusters are also gridless, a featurgodes are annular rings, placed either inside the outer ce-
that is useful for certain industrial applications of plasma;gmic vessel wall or over the inner vessel wall. This is in
Sources. ~ order to prevent breakdowns between biased segmented elec-
The key drawback of Hall thrusters as compared to i0nygges and their shortening by sputtering products during the
thrusters is large beam divergence. Beam divergence causggster start and operation. The same magnetic-field lines
significant wall losses inside the chaniiei20% of the input 555 hoth the conductive surface of an electrode, for ex-
power) and a large plume angl@0°) at the exhaustDif- ;i at the inner wall, and a dielectric surface at the op-

posite outer wall. It turns out that such an introduction of
¥Electronic mail: yraitses@pppl.gov segmented electrodes has a telling effect on the thruster op-
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FIG. 1. Schematic drawing of the Hall thruster.

eration in ways not anticipated by any simple theory. Not FIG. 2. PPPL model Hall thruster.

only is their precise placement along the channel significant,

but so is their precise shape and emissivity. Moreover, even

low emissivity segments held at floating potential can affeckV, 10 A switching power supply. Separate voltage- and
thruster operation significantfy. current-regulated supplies were used for biasing of the seg-

In the present work, we describe results of comprehenmented electrode and electromagnetic coils, respectively.
sive experiments with a low emissivity segmented electrode, The 1 kW laboratory Hall thrustefsee Fig. 2 is de-
which was placed at three different locations at the thrustesigned modularly to facilitate studies of the thruster opera-
exit where the magnetic-field lines are curved outward. Intion under different configurations, with and without seg-
such configurations, the thruster is somewhat like a combimented electrodes. The outer diameter of the channel, which
nation of the anode-layer thruster with metal wabsd the is the characteristic channel dimension, is 90 mm. The
Hall (so-called magnetic-laygethruster with dielectric walls. magnetic-field distribution in the thruster channel was nu-
In addition to propulsion applications, there is academic in-merically simulated by using a commercial electromagnetic
terest in the fundamental physics of the segmented Haboftware package(see Fig. 3 and measured by a
thruster acceleration regime, when the magnetic-field linesaussmeter. A typical magnetic-field profilat a coil cur-
connect channel walls made from two different materialsrent of 2 A) along the thruster axis near the median of the
with different electrical and secondary emission properties. thruster channel is shown in Fig. 4. Here, the radial magnetic

field is normalized to its maximum value, which is near the
Il. EXPERIMENTAL SETUP thruster exit. o
The segmented electrode, which is referred to below as

The vacuum system consists of a 28 stainless-steel the negative side, or NS, electrode, is placed along the chan-
vacuum vessel of a diameter 2.29 m and length 8.38 nmel axis on the low potential side at the inner wall. In the
equipped with a 35 in. diffusion pump and mechanicalpresent set of experiments, the electrode has about 0.1 mm
vacuum roots pumping system. At a xenon gas flow rate ofnickness of LaB, which was plated in a rhenium mesh to
about 23 sccm, the measured background pressure was ab@wbduce a strong structure for the emissive layer. This mesh
24 uTorr, corresponding to a pumping speed somewhat
larger than 12000 1/s. To prevent contamination of the
thruster and diagnostics due to backstreaming during warm
up and cooling of the diffusion pump, this pump is connected
to the vessel through a 35 in. right-angle valve. In addition,
the thruster and most of the diagnostics are located at the end
of the large vacuum vessel, opposite to the right angle flange,
which also reduces backstreaming contamination.

Two commercial(Tylan) gas flow controllers FC-260
(0-50 and 0-10 sccmwere used in order to control and
measure a xenon gas flow to the anode and cathode of the
thruster. In addition to the Millipore LR-250 readout and
control box, a pressure gauge was used to verify calibration,
stability, and repeatability of the flow meters in the labora-
tory environment. A set of commercial voltage- and current-

regulated power supplies was used in order to support igni- Thruster axis
tion and operation of the thruster, as well as operation of ~ =~ T T e
probe diagnostics. The main discharge was supported by a 1 FIG. 3. Simulated magnetic field.
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FIG. 4. Normalized measured profile of the radial component of the mag- FIG. 6. Thrust stand and probe setup.

netic field along the thruster axis near the channel median at electromagnet
coils current of 2 A. NS1, NS2, NS3, are locations of inner-segmented

electrodes along the thruster axis. center on the thruster axis, while the radius of the circle can
be varied from 33 to about 80 cm. The voltage drop due to

was mounted on a molybdenum substrate ring of 3 mm fofh® probe current was measured on ¥0Qow inductance
each electrode. The length of the NS electrodes was 4 mn§hunt. The probe position was measured by a rotating poten-
Figure 5 shows this segmented electrode attached to the ifometer. Control of the probg motion and pro.b.e. measure-
ner wall of the thruster channel. The voltage potential of theM€nts were performed by using a data acquisition system
segmented electrode can be floating or biased from a sepihich includes an A-T-E series board of National Instru-
rate power supply or from the main discharge power supplyMents andLABVIEW software. Figure 6 shows the thruster
The thruster is suspended on an arm of a high-resolutiofusPended on the thrust stand and the probe setup.
(0.5 mN) pendulum-type thrust starffdThruster calibration PC-based digital scopes and spectrum analy@rQ
measurements, which were performed throughout the de'5_1_02) were used to monitor and _charactenze dlscharge qscﬂ—
scribed experiments, exhibited reproducibility better tharfations. In voltage mode, the discharge current oscillations
1%. Although the smallest difference between calibratingVer¢ measured on a low impedance shunt. The operating
weights, which was reliably detected, was equivalent to gémperature of the inner segmented electrode was measured
thrust of 0.2 mN, the thrust resolution was taken to be equdpy @ thermocouple, which was fixed on a molybdenum sub-
to the smallest directly measured calibrating weidhthich ~ Strate. The surche temperature of the bams obtained by
was equivalent to a thrust of 0.5 mN. The total ion current ofan infrared imaging camera TH5104, observing the electrode
the emerging plasma jet and plume parametersan cosine through a ZnSn window. The camera was calibrated using
angle and plume angle for 90% of the fluxere measured L2Bs Samples heated to 600 °C.
with a flat electrostatic Langmuir probe. The probe, which is
a circular disk of about 2 cm diam made from a low sputter-lll. EXPERIMENTAL PROCEDURE

ing material, was mounted on a positioning mechanism. This  Thg thruster operation was investigated in eight configu-
mechanism enables the probe to move on a circle with th?ations, including without segmented electrodesferred to

as WS. The segmented configurations are as follows: with
one negatively biased or floating segment positioned at the
edge of the inner magnetic pol&S1), with the segment
(negative biased or floatingshifted at 2 mm(NS2 and 4

mm (NS3 upstream of the thruster channel relative to the
edge of the inner magnetic pole. Figure 4 shows these posi-
tions of the segmented electrodes relative to the magnetic-
field profile. To evaluate the effect of the segmented elec-
trode, a set of experiments was carried out with a ceramic
extension(CE) of the same size as the NS electrode and
placed at the same position as the segmented electrode in the
NS1 case.

For each configuration, measurements were performed
for anode xenon gas flow rates of 1.7, 2, and 2.5 mg/s. In
addition, operating regimes with 3 mg/s of the anode flow
rate were also investigated as long as breakdown or unstable
operation could be avoided. Unstable operation in the high

FIG. 5. Negative sidéNS) segmented electrode attached to the inner wall 98S flow rate regime can be caused by deposition of the NS
of the ceramic channel. electrode material on the outer channel wall. The reproduc-
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ibility of these operating regimes was verified by repeating at 350 [ T
the beginning, at the middle, and at the end of each thruste Anode mass flow rate = 1.7 mgfs | ™
run, almost each operating point with segmented electrodes= - NS| floating
The discharge current and thrust indicated changes no large g 300 R ‘
than the measurement error in most of the stable operatin(g () “\I\ NS cathode bias
pOintS' g ——NS2 floating
The thruster efficiency,p=T?/mP,,'* was deduced g 250 p
from the thrusfT, mass flowm, and input poweP, measure- § j/ )/ / ~+-NS2 cathode bias
ments. The mass flow rate through the cathode, 0.3 mg/s, i 200 g . « o NS3 floatin
. . - ew ; e g
not included in the efficiency definition. The relative errorin o // /
thrust and performance is given in Ref. 10. For example, in 3 r’d m NS3 cathode bias
the measured operating regimes of the thruster, the relative 454
thrust error was taken equal to the ratio of the thrust resolu- 15 16 17 1.8
tion to the thrust magnitude, while the relative efficiency Discharge current,A

error was no more thart5% of the measured value.
Using an electrostatic probe placed at a distance of 33 350 1

cm from the thruster exit, the total ion current and plume Anode mass flow rate = 2.5 mg/s WS
angle for 90% of the total ion fluk; from the thruster were
measured. Assuming single ionization of xenon propellant,z 300 X jm—— & NS! floating
the propellant utilizationl; /I ,, was estimated, wheré,, 2 (b) _
=eM;/m, e, andM; are the equivalent mass flow current, § ~+NST cathode bias
electron charge, and ion mass, respectivéfor certain op- g 250 F o NS2 floating
erating points, plume measurements were repeated severg _ﬂ// ;
times at certain angles. The repeatability of the full plume g / —-NS2 cathode bias
angle was about-4°. a 200 /l = /" g
-0+ NS3 floating
¥ - 2

150 m NS3 cathode bias

IV. EXPERIMENTAL RESULTS 22 24 2.6 2.8 3

Discharge current,A
During operation with the NS electrode, the maximum
éG. 7. V-1 characteristics of the thruster for the seven thruster configura-

electrode temperature was measured by a thermocoup ions: WS; and NS1, NS2, and N$ffoating and under cathode bjeat 1.7
when the thruster was at steady state. In the case of NS1, thgys @) and 2.5 mgidb).

surface temperature of LgBvas also measured with an in-
frared camera. The maximum temperature from the thermo-
couple (about 1040 °C was obtained with the electrode at
the NS1 position, with operation at a discharge voltage otion the thruster without segmented, with the CE channel,
300 V and mass flow rate of 3 mg/s. At this operating point,and NS1.
infrared measurements showed the maximum of 1100°C at As can be seen frodd—I curves, at both mass flow rates
the LaB; surface. The temperature dropped when the inpuéind at a given discharge voltage, the discharge current mea-
power was reduced. Also, at the same operating point, theured without segmented electrodes was generally less than
temperature measured by the thermocouple was about 9@Bat with segmented electrodes for a variety of different con-
and 700 °C for NS2 and NS3 electrode cases, respectivelfigurations and operating regimes. As we move the NS elec-
The reduction with the power is most probably due to atrode upstream in the channel, thle-1 characteristics shift
decrease in the energy of ions hitting the wall. An alternativeowards smaller currents at given discharge voltage and mass
explanation might be that by shifting the electrode from NS1flow rate. Also, the current tends to increase at all three lo-
to NS3 along the thruster channel, the ion flux to the segeations when the cathode bias was applied to the segmented
mented electrode decreases, which would also lead to a refectrode. However, the discharge current measured at 1.7
duction in the electrode temperature. mg/s for the NS3 under floating potential is less than that
Figure 7 shows illustrative curves of voltage versus cur-measured for the WS configuration. Moreover, at 2.5 mg/s,
rent characteristicsM—1) measured at two anode mass flow as the gas flow rate is increased, the discharge current, which
rates of 1.7 and 2.5 mg/s for seven different configurations oét the thruster exit is mainly carried by ions, increases, too.
the thruster, WS, NS1, NS2, and NS3. Here, in each seg- At most operating points, the propellant utilization is
mented electrode case, the-1 curve was measured for the higher with the “without segment” configuration than with
NS electrode under floating potential and cathode bias. Eaciiny negative side segmented cases for mass flow rates 1.7
point on these curves was obtained at the minimum of thend 2.0 mg/¢see Fig. 8 Similar results were measured with
discharge current versus the magnetic fiéldn addition, anode mass flow rates of 2.5 and 3 mg/s. Consistent with
Fig. 8 shows the propellant utilization versus the dischargdéower propellant utilization and larger discharge current, the
voltage for the same configuration at 1.7 and 2 mg/s. Figurestio of the ion current to the discharge current is also larger
9 and 10 compar¥—I characteristics and propellant utiliza- for the “without segment” case.
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05 J —A— NSl floating
150 200 250 300 350 05 ﬁ"* NS1 cathoTie bias
Discharge voltage, V ' ' ‘
150 200 250 300 350

Discharge voltage, V

1 T

Anode mass flow rate = 2 mg/s WS
i A 4 Ns1 ficating FIG. 10. Propellant utilization vs discharge voltage measured for four
09 4‘/\ N thruster configurations WS, NSfloating and under cathode bjasand CE
%7 x| & NSl cathode bias at 1.7 mg/s.
08 % /‘/‘ o NS2 floating
£ 7‘//3/ . ;
=47 e B * ¢ NS2 cathode bias 2.5 mg/s, and different configurations of the thruster. Note
° -0~ NS3 floating that at the small mass flow rate of 1.7 mg/s, a smaller plume
06 -=- NS3 cathode bias half angle(about 103 occurred under the NS configuration,

(] in particular, under the biased NS2 case. When the mass flow
05 ‘ ! | rate is increased, the differences become comparable to the
150 200 250 300 350 error in the reproducibility of the probe measurements. How-

Discharge voltage, V ever, there is an indication of generally smaller plumes for

the WS case for mass flow rates higher than 2.5 mg/s.
FIG. 8. Propellant utilization vs the discharge voltage measured for the

seven thruster configurations WS, NS1, NS2, and K&&ting and under V. DISCUSSION AND SUMMARY

cathode biasat 1.7 mg/9@) and 2 mg/qb).
An explanation of the behavior of the thruster with the

NS electrode cases might be along the following lines: Ac-

When t_he ceramic exter?smn was placed at the po_s'tlo%ording to Refs. 2 and 13, under typical Hall thruster and
NS1, the discharge current increased even more than it WaS ode-layer thruster conditions, sal,~10—50eV, V,
in the case of the NS1 electrode at that position for the same ; 3 o\/” the secondary emissio?'lfromethe metal wéll (')f

discharge voltage and mass flow rate. This increase, Whic{he thruster channel is negligible. Hence, no “cooling” of

\|/_|vas typlca}[lh at' all massllflo¥v ﬁtest,. IS .|Ilusltrate|d mtill% 9'eIectrons takes place in the channel with metal walls. Thus,
owever, the lon propefiant utiliza lofFig. @ aimost di the electrons gain kinetic energy, which is randomized by
npt change and, therefore, the ratio of the lon _current to th%ollisions, on a shorter distance than with ceramic walls.
discharge current is less compared to what it is for the Wsl'his may increase the gradient of electron pressure, thus af-

configuration of the thruster. . e .
f h th I I h I
Figure 11 shows the half-plume angle versus the diS_ectlng both the voltage potential distribution and the radial

h it d at th f tos 17 2 Elé’;\sma sheath. For example, in Ref. 14, a reduction of the
charge voltage measured at three mass tlow rates, 1.7, 2, ajflejeration and ionization region and an increase of the dis-

charge current were experimentally observed. In that case,
350 the sputtering of a metal target placed outside the thruster

FIG. 9. V—I characteristics for three thruster configurations WS, Ki®at-

—X=—=WS, 1.7 mg/s

— ©— NSI, floating, 2 mg/s

\ |

15 17 19 241
Discharge current, A

23 25

ing and under cathode bijasand CE, at 1.7 and 2 mg/s.

caused metalization of ceramic walls. An increase in the dis-
charge current as compared to the “clean” channel walls is

>

Iy A CE. 17 mgs attributed to discharge current oscillations. Note that anode-
% A~ NS1, floating 1.7 me/s layer thrusters have a shorter accelerating layer, and the mag-
5 netic field is twice as strong as in Hall thrusters with ceramic
% — X — WS, 2 mg/s walls?

2 The increased values of the discharge current at given
3 — &— CE,2mgs

2

mass flow rates, which were observed in the experiments
with floating segmented electrod€See Fig. 7, may result
from such a metalization of the outer wall by sputtering of
the negative side segmented electrode placed on the inner
wall. In order to prevent this contamination, a set of small
grooves was inserted into the outer wall of the channel,
which gave stable long duration operation of the thruster
with reproducible measurements. Nevertheless, trace
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55 0.3 ] ]
Anode nfiﬂ’o’ NK rate = 1.7 mg/s
-+~ NS1, 1.7 mg/
§, 50 ~ s 2. 0.25 == \\ mg/s
4512 2 A NS1 floating ES ., Iy e NSL2Smgs
o)) . = O ’
g A’t g g)‘ 4 NST cathode bias bl N ~-NS2, 1.7 mg/s
dé 40 —o0—NS2 floating ¢ 9 015 -
o .
3 (a) ——NS2 cathode bias 0 T | o NS2,25mgs
a 37
35 O NS3 floating o f'é 0.1 \\l B e NS3. 1.7 mos
m NS3 cathode bias g Cé i P me
30 ! ) -8-NS$3, 2.5 mg/s
150 200 250 300 350 23 0.05
Discharge Voltage, V = 0
150 200 250 300 350
o Discharge voltage, V
. Angde mass ﬂgp’ rate =2 mg/s FIG. 12. Current to the segmented electrode, measured for three segmented
o 50 % x WS electrode configurations, NS1, NS2, and N88der cathode biasneasured
'qc; " T ﬁ . R & NSt floating at two mass flow rates 1.7 and 2.5 mg/s.
» %o & 1 X} a NStcathode bias
: 0 . r’&gs/li—o\ 4| —0—NS2 floating
E ®) \ /o\\‘<> —~NS2 cathode bias region with a larger electric field as compared to the WS
o 45 O NS3 floating case. Indeed, although “optimal” values of the coils’ current
. NS3°13‘“°"9 bias (magnetic field in the NS cases were larger by roughly
30150 oo o ' 10%-30% than in the WS case, it was not possible to oper-
e ® . 3\(,)0 350 ate with the magnetic field double the amplitude of the opti-
i y . T
scharge vollage mal value typical for an anode-layer thruster. This limitation
was due to the overheating of the electromagnetic coils and
55 saturation of the magnetic core at large gas flow rates. An
Anode mass flow fate = 2.5 nﬁ/s | indication of the reduced magnetic insulation is that the
o 50 = . x WS larger fraction of the axial electron current for the NS cases
[u] . L
%i T hao T oo -4—NS1 floating can be derived from results &—1 characteristics and pro-
é’ 45 : ‘g—{»\c; ——NS1 cathode bias pellant utilization versus the discharge voltdgeys. 7 and 8,
S 0 X \| o NS2floating respectively.
E © 4| ® NS cathode bias When the segmented electrode is biased under the cath-
& 35 O NS3 floating ode potential it can collect ions from the plasma, thus con-
W NS3 cathode bias tributing to the discharge current. An additional electric cir-
] . . . .
30 ‘ cuit path runs parallel to the main circuit between the anode
150 200 250 300 350

and cathode neutralizer. This is likely why the discharge cur-
rent with the biased segmented electrodes is larger than in
FIG. 11. Half-plume angle estimated for 90% of the measured ion flux fromthe corresponding floating cases.
the thruster of different configuratior(WS, NS1, NS2, and NS3, floating, Figure 12 shows the current to NS Segmented electrode
biased at three different mass flow rates. at the cathode bias at three different positions: NS1, NS2,
and NS3 and at two mass flow rates, 1.7 and 2.5 mg/s. As
can be seen, when the segmented electrode is moved inside
amounts of the electrode material were detected by x-raghe thruster channel, the current tends to decrease. At a given
spectrometer in postrun inspection of the thruster channehass flow rate and electrode position, the measured current
walls. After a long run of the thruster, the presence of ato segmented electrode tends also to decrease as the dis-
conductive layer could be observed even with an Ohm meteccharge voltage is increased. Note that from the above expla-
This layer is particularly large in the NS1 electrode casenations this current is likely an ion current. Note that the
much smaller in the NS2, but not in the NS3. reduction of the current to the segmented electrode, as it is
The observed differences in the channel metalization fomoved upstream to the maximum magnetic field, does not
the NS thruster cases is apparently due to more energetiecessarily mean a reduction of the effect of this electrode on
ions arriving at the edge of thruster chanh&lwhich in the  the acceleration and ionization region. Figure 13 shows that
present set of experiments corresponds to the location dhe floating potential of the segmented electrode does not
NS1. Hence, the stronger metalization of the outer ceramichange with the discharge voltage in the NS1 configuration,
walls takes place for electrode placement NS1. However, iut rather drops with the NS3 case when the discharge volt-
contrast to Ref. 14, the amplitude of the discharge currenage is above 250 V at 1.7 mg/s and above 220 at 2.5 mg/s. In
oscillations measured in all NS electrode cases were ndhe NS2 case, changes in the floating potential with the dis-
larger, but smaller than in the WS case. Therefore, a possibleharge voltage are also insignificant at the small mass flow
cause of the increased discharge current in the floating Nfate. On the other hand, at 2.5 mg/s the behavior of the
cases is a smaller magnetic insulation of the acceleratiopotential versus the discharge voltage is closer to the NS3

Discharge voltage, V
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35 27 ‘
Anode mass flow rate = 1.7 mg/s
.30
E: [ = NS1, 1.7 mg/s —x-WS
= | —4—NS1,2.5 mg/s )
S 25 - Z 23 -5 NS| floating
] © | ~-NS2,1.7 mg/s £ i/ )
g_ ) ) 1 ~&-NS| cathode bias
920 —- NS2, 2.5 mg/s 17} | )
c ' = —o- NS2 floating
-_g \\g —{3-NS3, 1.7 mg/s _E /
LTO_ 15 m-NS3, 2.5 mgfs =19 / —+—NS2 cathode bias
\\’ -8~ NS3 floating
10 : -8- NS3 cathode bias
150 200 250 300 350 15 | ]
Discharge voltage, V 150 200 250 300 350
FIG. 13. Floating potential measured between the cathode and segmented Discharge voltage, V
electrode for three segmented electrode configurations NS1, NS2, and NS3
at two mass flow rates 1.7 and 2.5 mg/s. 45 :
Anode mass flow rafe = 2.5 mgfs 1
case at the same mass flow rate. The difference in the behav- | WS
ior of the floating potential may be also attributed to changes Z 40 | & .
. . . . I —o— NS2 floating
in the length or motion of the acceleration region as the =
discharge voltage is varied. The behavior of the potential > (b) o NS2 cathode bias
with gas flow rate at a given discharge voltage might also be g
attributed to changes in the acceleration region length as the = 35 ‘ -0 NS3 floating
electron temperature and atomic density increase with the / ‘ .
mass flow and more ionization collisions take place closer to : #-NS3 cathode bias
the thruster exit. ]
30 T T {

In the CE casésee Fig. 9, the increase of the discharge
current as compared to the WS at a given discharge voltage 150 200 250 300 350
can also be, in principle, attributed to the sputtering of the Discharge voltage, V
ceramic eXtenSion_ V_Vith subsequent Coati_ng_ of the C_hann@lG. 14. Thrust vs discharge voltage measured at two mass flow rates, 1.7
walls by a boron-nitride dust. In Ref. 14, similar behavior of mg/s for ws, NS1, NS2, and NS8) and 2.5 mg/s for WS, NS2, and NS3
the discharge current was observed with quartz dust on &).
boron-nitride channel. However, since for silicéir-1 at
300 eV* quartz dust produces an increase in the electron
temperature similar to that produced by metal walls. On thehannel with metal walls compared to with ceramic walls.
other hand, in our experiments, the dust and channel were @oth of these explanations may pertain also to the propellant
the same ceramic material and, therefore, had the same sagilization with the segmented electrode thrugtme Fig. 8.
ondary emission coefficients. As a possible explanation, in  Most likely, different mechanisms account for the reduc-
addition to electron wall collisions, wall recombination tion of the plume angle with segmented electrodes and only
losses at the ceramic extension may result in an increase efight degradation of the propellant utilization within the ac-
the atomic density at the thruster exit. That may be an addieuracy of the probe measurements at some discharge voltage
tional source of degradation of the magnetic insulation in thésee Fig. 8 and small mass flow. These improvements over
acceleration region relevant for the CE case and, at least, fathe WS case may be attributed, for example, to different
the NS3 segmented electrode. secondary emission coefficients of the ceramic and metal

In principle, depending on their location, either relative walls along the same magnetic-field lines, resulting in differ-
to each other or to the magnetic field and the electron tement sheath and presheath potential drops. The thickness of
perature, two channel wall segmented electrodes made frothese drops varies with the operating conditions and inclina-
different materials should be able to affect defocusing otion of the magnetic-field lines to the electrode surfice.
focusing of the ion beam, and as a result the propellant utiAnother possible explanation is that at small mass flow rates
lization and plume. For example, it was suggested in Ref. 15he ionization mean-free path increases, leading to less effi-
that due to a larger potential difference between the plasmeient ionization and larger ion losses in the conventional
and the floating metal wall, the ion flux to the wall will thruster configuratioh’! The metal walls may permit an in-
increase in the most of the acceleration and ionization reerease in the electron temperature and, as a result, may pro-
gion, leading to an increase of ion losses. In addition, Ref. 14ide for ionization in a shorter region with less losses. It is
attributed the measured reduction of the ion current withalso possible that since the segmented electrode is biased
metalized channel walls to a degradation of the ionizatiorunder the cathode potential it may also collect slow ions,
conditions and an increase of ion energy distribution in avhich contribute to the plume at large angles.
shorted ionization and acceleration region. Thus, it might be  Figures 14 and 15 show thrust and thruster efficiency
expected that the plume angle should also be larger in theersus the discharge voltage for mass flow rates at 1.7 and
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045 T Aiode fass flow fate =17 s I electrode operation comes with the more significant general
- ‘ improvement in plume divergence.
2 04 —X—Ws In summary, while the measurements here exhibit the
.g @ x/}L —A— NS, floating very promising decreased plume divergence, and some
% /‘K/ e NSI cathode b working hypotheses can be put forth, a better understanding
3035 » cathode bias of the effect of the segmented electrode on integral charac-
- —0— NS2, floating teristics of the Hall thruster and its plume will require local
g 0.3 o NS2. cathode bias measurements of the plasma parameters inside the thruster
- ’ and a more detailed theoretical analysis.

| —M— NS3, cathode bias
0.25 7 - T

150 200 250 300 350
Discharge voltage, V The authors thank Professor A. Fruchtman and V.
Soukhanovskii for helpful discussions. The authors are in-
06 debted to R. Yager and G. Rose for excellent technical sup-
Anode mass flow fate = 2.5 mg/s port. Thanks also go to K. Ertmer and K.-M. Fu for help with
WS the experiments. This work was supported by the U.S.
DOE under Contract No. DE-ACO2-76-CHO3073.
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